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Abstract 

Prospero homeobox 1 (Proxl) and forkhead box (FOX) C2 regulate angiogenesis and/or lymphangiogenesis. However, the 
detailed role and function of Proxl and F0XC2 in cancer remains controversial. In the present study, we examined the 
expression of Proxl and F0XC2 proteins in specimens from 163 cases with oral squamous cell carcinoma (OSCC). 
Furthermore, the role of Proxl and F0XC2 in cancer cell growth and invasion was evaluated in cultured OSCC cells. Proxl 
expression was significantly associated with local progression of the tumor {P = 0.0023), clinical stage (P<0.0001), 
lymphovessel density (LVD) (P<0.0001), nodal metastasis {P<0.0001), and worse prognosis {P<0.0001). Immunoreactivity of 
F0XC2 was strongly correlated with microvessel density (MVD) {P<0.0001) and poor prognosis (P = 0.0076). In vitro analysis 
demonstrated that Proxl regulates cell growth, proliferation, invasion, and lymphangiogenesis by activating vascular 
endothelial growth factor {VECF)-C expression. Furthermore, F0XC2 enhanced the expression level of Proxl and promoted 
angiogenesis by enhancement of VEGF-A expression. Our results suggested that Proxl and F0XC2 play key roles in OSCC 
progression and that further studies focusing on these proteins may yield useful insights for diagnosis and therapy of OSCC. 
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Introduction 

Head and neck cancers, including oral squamous cell carcinoma 
(OSCC), are the sixth most common malignancy in the world [1] 
and the first leading cause of cancer death in Southern Asia [2] . 
Every year, 263,900 cases of OSCC and 128,000 OSCC-related 
deaths are estimated worldwide, [3] and approximately 34,000 
patients are diagnosed, representing about 3% of all newly 
diagnosed cancers in the United States [4]. Moreover, the OSCC 
mortality rate is 3.7 per 100,000 in Japan [5]. OSCC has a high 
potential for local invasion and nodal metastasis and over 80% of 
early stage OSCC patients can be rescued by treatment, whereas 
less than 70% of advanced stage OSCC patients are incurable. 
The overall 5-year survival rates of OSCC have not improved 
significantly in the past 30 years, and it remains less than 50% [6- 
8]. Therefore, early detection and elucidation of the detailed 
molecular mechanism of OSCC are important. 

Prospero homeobox 1 (Proxl) is a mammalian homologue of 
the DrosophUa homeobox protein, prospero [9], Proxl is 
important for the embryonic development of the central nervous 
system, heart, lymphatic system, skeletal muscles, lens, retina, liver, 
pancreas, and kidney [10,1 1]. Proxl acts as a tumor suppressor in 
hematologic malignancies [12], esophageal cancer [13], hepatoma 
[14], pancreatic cancer [15,16], breast cancer [17], and carcino- 
mas of the biliary system [18]. However, recent reports have 



demonstrated that upregulation of Proxl is a predictor of poor 
outcome in colon cancer [11,19], glioma [10], and many vascular 
endothelial tumors [20,21]. Proxl is suggested to play various 
tissue-dependent functional roles, which reflect both an oncogenic 
potential and a tumor-suppressive role [22]. Thus, the role of 
Proxl in malignancies remains controversial. 

The forkhead box (FOX) transcription factors are a large family 
of proteins with similar DNA-binding domains [23,24]. Expression 
of FOXC2 protein was detected in a majority of breast 
adenocarcinomas, including lobular and ductal adenocarcinomas, 
and colon adenocarcinoma [25,26]. FOXC2 expression has also 
been reported in esophageal cancer and could be used as a novel 
independent prognosis factor [27]. FOXC2 is also an important 
regulator of epithelial to mesenchymal transition (EMT) in cancer 
cells [28], while the role of FOXC2 in oral squamous cell 
carcinoma (OSCC) remains unknown. 

Angiogenesis and lymphangiogenesis are pivotal for tumor 
progression and nodal metastasis [29]. The major angiogeneic and 
lymphangiogenic factors are the vascular endothelial growth factor 
(VEGF)-A and VEGF receptor (VEGFR) 2 and the VEGF-C/-D 
and VEGFR3 systems, respectively [30,31]. We previously 
reported that the VEGF family promotes tumor progression and 
nodal metastasis by inducing angiogenesis and/or lymphangio- 
genesis in OSCC [2,29]. More recendy, Proxl was shown to 
induce lymphangiogenesis by activating VEGFR3 [32]. Proxl is 
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Figure 1. Immunohistochemical analysis of Proxl and FOXC2 in liuman OSCC cases. Proxl (a) and F0XC2 (b) expression were not 
observed in non-tumor oral mucosa. The lymphoendothelial cells (arrow) showed immunoreactivity to Proxl (c) and expression of F0XC2 was found 
in lymphoendothelial cells (arrow) and vascular endothelial cells (arrow head) (d). Expression of Proxl (e) and F0XC2 (f) were observed in cytoplasm 
of the cancer cells. LYVE1 positive lymphovessels (g) and CD34 positive blood vessels were counted for MVD and LVD, respectively. Original 
magnification was 200-fold. Bar, 100 nm. LEC; lymphoendothelial cells, VEC; vascular endothelial cells. 
doi:1 0.1 371/journal.pone.0092534.g001 



also a marker for lymphatic endothelial cells [33]. FOXC2 is a 
regulator of angiogenesis [26] and lymphangiogenesis [34]. 
Furthermore, Proxl and FOXC2 are co-expressed and required 
for the onset of lymphovenous valve formation [35] . In the present 
study, we examined the expression and role of Proxl and FOXC2 
in human OSCCs. 



Materials and Methods 

Surgical Specimens 

Formalin-fixed, paraffin-embedded 163 cases of primary 
OSCCs (89 men and 74 women. Age range, 44-91 years; means, 
66.7 years) were used. We also utilized 15 frozen samples of 
OSCC (9 men and 6 women, Age range, 52-79 years; means, 65.8 
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Table 1. Relationship 


between Proxl or F0XC2 expression and clinicopathological parameters. 








Proxl 




FOXC2 




Parameters 


negative 


positive 


negative 


positive 


Gender 


Male 


70 


19 


52 


22 


Female 


51 


23 


73 


16 


P value 


0.1572 




0.0733 




Age 


<-65 


53 


15 


52 


16 


>65 


68 


27 


73 


22 


P value 


0.3598 




0.9559 




Site 


Tongue 


64 


21 


66 


19 


Gingiva 


34 


16 


36 


14 


Other 


23 


5 


23 


5 


P value 


0.3713 




0.57 




Histological 
differentiation* 


Well 


63 


25 


69 


19 


Moderately 


44 


14 


42 


16 


Poorly 


14 


3 


14 


3 


P value 


0.6103 




0.5934 




T classification 


Tl 


27 


2 


20 


9 


T2 


60 


16 


59 


17 


T3 


22 


13 


27 


8 


T4 


12 


11 


19 


4 


P value 


0.0023 




0.6915 




Clinical stage 


1 


26 


2 


20 


8 


II 


52 


7 


47 


12 


III 


27 


16 


34 


10 


IV 


16 


17 


24 


8 


P value 


<0.0001 




0.8532 




Nodal metastasis 


Negative 


102 


11 


89 


24 


Positive 


19 


31 


36 


14 


P value 


<0.0001 




0.4129 




F0XC2 


Negative 


100 


25 






Positive 


21 


17 






P value 


0.0049 








MVD** 


39.2±25.7 


40.8±29.3 


19.3±10.1 


41.2±32.2 


P value 


0.7380 




<0.0001 




LVD*» 


13.9±10.5 


31.5±25.2 


27.2±13.7 


29.3 ±19.3 


P value 


<0.0001 




0.456 





Relationship between expression of Proxl or F0XC2 and parameters excluding MVD and LVD were calculated by chi-square test. Relationship between expression of 
Proxl or F0XC2 and MVD or LVD were calculated by one-factor ANOVA test. T classification and clinical stage were classified according to the TNM classification. 
*Histological differentiation: Well, well-differentiated squamous cell carcinoma; Mod, moderately differentiated squamous cell carcinoma; Por, poorly differentiated 
squamous cell carcinoma. 

**MVD and LVD were Means ± S.D. (standard deviation), each S.D. was less than 10% in all cases. 
doi:l 0.1 371 /journal.pone.0092534.t001 
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Figure 2. Gene expression of Proxl and FOXC2 by qRT-PCR. The mRNA expression levels of Proxl (P<0.01) and F0XC2 (P<0.01) in OSCCs 
were higher than normal oral mucosa. Proxl expression was upregulated in nodal metastasis positive OSCCs than in those with negative OSCCs (P< 
0.01). GAPDH was used for internal control. Error bar, standard deviation (S.D.). 
doi:1 0.1 371 /journal.pone.0092534.g002 



years) and 5 cases of non-tumor oral mucosa (3 men and 2 women, 
Age rage, 36-52 years; means, 45.2 years) for gene expression 
analysis of Proxl and FOXG2. AU specimens were randomly 
selected from Nara Medical University Hospital, Kashihara, 
Japan. All cases were performed without pre-operative therapy. 
Tumor staging and the histological grade of OSCCs were 
classified in order to UICC TNM classification system, 7th edition 
and WHO criteria, respectively. 

Ethics Statement 

This study was approved by the Medical Ethical Committee of 
the Nara Medical University (approval number. 719). Medical 
records and prognostic follow-up data were obtained from the 
patient database maintained by the hospital. The study protocol 
using human samples were performed according to the ethical 
standards expressed in the Declaration of Helsinki. Written 
informed consent was obtained from individual patients for use 
of their tissue samples. For strict privacy protection, identifying 
information for all samples was removed before analysis. 

Immunohistochemistry 

Consecutive 3 |im sections were cut from each block, and 
immunohistochemistry was performed as we described previously. 
An immunoperoxidase technique was done following antigen 
retrieval with microwave treatment (95°C) in citrate buffer 
(pH 6.0) for 45 min. After endogenous peroxidase block by 3% 
H202-methanol for 15 min, specimens were rinsed with phos- 
phate-buffered saline (PBS) three times. Anti-Proxl antibody 
(Santa Cruz Biotechnology, Inc., Santa Cruz, CA, USA), anti- 
FOXC2 antibody (Santa Cruz Biotechnology), anti-CD34 anti- 



body (a marker for vascular endothelial cells) (DAKO, Carprn- 
teria, CA, USA), and anti-LYVE-1 antibody (a marker for 
lymphovascular endothelial cells) (Abeam, Tokyo, Japan) diluted 
by 0.5 |ig/ml were used for primary antibody. After 2 h incubated 
at room temperature, specimens were rinsed with PBS three times 
and treated for an hour at room temperature with the secondary 
antibody peroxidase-coiijugated anti-mouse (Medical & Biological 
Laboratories Co., Ltd., Nagoya, Japan) diluted at 0.5%. The 
specimens were then rinsed with PBS three times and color- 
developed with diaminobenzidine (DAB) solution (DAKO). After 
washing, specimens were counterstained with Meyer's-hematoxy- 
lin (Sigma Chemical Co., St. Louis, MO, USA). Immunostaining 
of all samples was performed at the same conditions of antibody 
reaction and DAB exposure. 

Evaluation of Immunohistochemistry 

Immunore activity of Proxl and FOXC2 were classified 
according to AUred's score (AS) [36] and we divided the 
immuiioreactivity into 4 grades by AS; Grade 0, AS is 0; Grade 
1, AS is 2 ~ 4; Grade 2, AS is 5, 6; Grade 3, AS is 7, 8. Cases with 
Grade 2 and 3 were regarded as immunologically positive [2] . The 
microvessel density (MVD) and lymphovessel density (LVD) were 
measured on anti-CD34 and anti-LYVE-1 antibody immunopo- 
sitive specimens, respectively. To quantify MVD or LVD, 5 
maximum vessel density fields were selected from around of the 
tumor cells (the 'hot spot') and examined under a 200-fold 
magnification by microscope and averaged. We divided the tissue 
samples into two groups according to MVD levels; those with 
values higher than the mean value for the entire group, and those 
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Figure 3. Disease free survival in OSCC cases, a, Proxl -positive 
cases had significantly reduced disease-free survival compared to the 
Proxl -negative patients (P<0.0001). b, The patients with F0XC2- 
positive tumors also had significantly poor prognosis than those with 
F0XC2-negative tumors (P = 0.0076). 
doi:1 0.1 371 /journal.pone.0092534.g003 

with lower than the group mean value. The same was applied 
based on the LVD values [29] . 

Cell Culture 

Human OSCC ceU lines, KON, HSC2, HSC3, HSC4, Ca9-22 
and SAT cells were obtained from Health Science Research 
Resources Bank and maintained in Dulbbeco's modified Eagle's 
medium (DMEM) (Wako Pure Chemical industries, Ltd., Osaka, 
Japan) supplemented with 10% fetal bovine serum (FBS) (Sigma 
Chemical Co., St. Louis, MO, USA) under the conditions of 5% 
CO2 in air at 37°C. KON and HSC3cells have high metastatic 
potential, HSC4 cells have low metastatic ability, and HSC2, Ca9- 
22, and SAT cells have no ability of metastasis and invasion. 
Primary human umbilical vein endothelial cells (HUVECs) and 
primary human dermal lymphatic microvascular endothelial cells 
(HDLMVECs) were purchased from CeU Applications (San 
Diego, CA, USA) and maintained in Endothelial growth media 
(Cell Applications) and Microvacular endothelial growth media 
(Cell Applications) under the conditions of 5% CO2 in air at 37°C, 
respectively. 

Quantitative Reverse Transcription-polymerase Chain 
Reaction 

Total RNA was extracted using RNeasy Mini Kit (Qiagen Inc., 
Valencia, CA, USA) and total RNA (1 |ig) was synthesized with 
the ReverTra Ace qRT Kit (Toyobo, Osaka, Japan). Quantitative 
reverse transcription-polymerase chain reaction (qRT-PCR) were 
performed on StepOne Plus Real-Time PGR Systems (Applied 
Biosystems, Foster City, CA, USA) using TaqMan Fast Universal 
PCR Master Mix (Applied Biosystems) and analyze the relative 



standard curve quantification method. PCR condition was 
according to the manufacturer's instructions and GAPDH mRNA 
level was amplified for internal control. TaqMan Gene Expression 
Assays of Proxl, FOXC2, VEGF-A, VEGF-C, VEGF-D, and 
GAPDH were purchased from Applied Biosystems. All PCRs were 
done at triplicate. 

Small Interfering RNA 

Stealth Select RNAi (siRNA) for Proxl (HSS 108597) and 
FOXC2 (HSS 142054) was purchased from Invitrogen (Carlsbad, 
CA, USA). AllStars Negative Control siRNA (catalog No. 
1027281) was used for control (Qiagen Inc). Twenty-iiM siRNA 
were transfected with Lipofectamine 2000 (Invitrogen) according 
to the provider's protocol. 

Cell Growth Assay 

The cells were seeded at density of 2,000 cells per well of 96-well 
tissue culture plates and incubated for 48 h at 37°C. Cell growth 
was assessed by MTT assay using the incorporation of 3-(4,5- 
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (Sigma 
Chemical Co.). The experiments were performed in triplicate. 

In vitro Invasion Assay 

A modified Boyden chamber assay was done using the BD 
BioCoat Cell Culture Inserts glued to type IV collagen (Becton- 
Dickinson Labware, Bedford, MA, USA) as described previously. 
Briefly, cells were suspended in 500 |il of DMEM and placed in 
the insert. After 48 h incubation at 37°C, the filters were stained 
with hematoxylin. The stained cells were counted in whole inserts 
at lOOxmagnification. Each experiment was repeated at least 
three times. 

Cell Growth of Endothelial Cells Treated with 
Conditioned Medium from OSCC Cells 

To generate conditioned media, 1x10' negative siRNA, Prox 1 
siRNA, or FOXC2 siRNA treated KON ceUs were seeded in 24- 
well plates. After 24 h incubated at 37°C, the culture media were 
collected and centrifuged at 1,500 rpm for 5 min to remove pellet 
and collected the supernatants. HUVECs and HDLMVECs were 
seeded at a density of 2,000 cells in 96-weU plates and incubated to 
overnight. Cells were then cultured with only Endothelial growth 
media, Microvacular endothelial growth media, or conditioned 
media (negative siRNA, Proxl siRNA, or FOXC2 siRNA treatetd 
KON media and Endothelial growth media or Microvacular 
endothelial growth media (1:1)). After 48 h, growth ability of 
endothelial cells was measured with the MTT assay [37]. 

Migration of Endothelial Cells Co-cultured with OSCC 
Cells 

The in vitro endothelial cell migration assay was performed using 
BD BioCoat endothelial cell Migration Assay System (Becton- 
Dickinson Labware) according to the provider's manual. Briefly, 
1x10-^ negative siRNA, Proxl siRNA, or FOXC2 siRNA treated 
KON cells were seeded in a 24-weU plate. After overnight 
incubated at 37°C, 5x10* cells of HUVECs or HDLMVECs were 
seeded in fibronectin pre-coated transwell chambers, consisting of 
polycarbonate membranes with 8 |im pores and then placed in the 
24-well plates. After 24 h incubation, migrating cells were 
fluorescent labeling and measured intensity of fluorescence. 

Statistical Analysis 

Statistical analysis was carried out with JMP8 (SAS Institute, 
Gary, NC, USA). Statistical differentiation was calculated with 
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Table 2. Univariate and multivariste analysis of disease free survival. 



Parameters 


P value 






Gender (F-M) 


0.1550 






Age {<_65->65) 


0.3618 






Histology (well, mod, por) 


0.5608 






Site (tongue, gingiva, other) 


0.9446 






T factor (T1-4) 


0.3938 






Stage (l-IV) 


0.0055 






Nodal metastasis (negative - positive) 


0.0002 






Proxl (negative - positive) 


<0.0001 






F0XC2 (negative - positive) 


0.0076 






Parameters 


HR 


95% CI 


P value 


Clinical stage 


1 1 .0000 


II 


0.5194 


0.1842-1.4863 


0.2156 


III 


0.3475 


0.0919-1.1987 


0.0944 


IV 


0.7691 


0.1905-2.9277 


0.7032 


Nodal metastasis 


Negative 


1.0000 






Positive 


1.6501 


0.5234-5.7912 


0.4032 


Proxl 


Negative 


1 .0000 






Positive 


3.3692 


1.4770-7.6958 


0.0039 


F0XC2 


Negative 


1.0000 






Positive 


1 .8986 


0.9585-3.6893 


0.0655 



Univariate analysis was performed by log lank test. Multivariate analysis was calculated by means of Cox proportional hazard model. HR and 95% CI mean hazard ratio 
and 95% confidence Intervals, respectively. 
doi:l 0.1 371/journal.pone.0092534.t002 



test, one-factor ANOVA test, and student-t test. Disease-free 
survival was analyzed by the Kaplan-Meier method, and 
differences between groups were calculated by means of a logrank 
test. Univariate analysis for disease free survival was calculated by 
logrank test. For multivariate analysis. Cox proportional hazards 
model was used (described as hazard ratio with 95% confidence 
intervals [95% CI], together with the P value). P values less than 
0.05 were regarded as statistically significant. 

Results 

Expression of Proxl and F0XC2 in Human OSCC 
Specimens 

First, we examined the expression of Proxl and FOXC2 in 
human OSCCs by immunohistochemistry. Although non-cancer- 
ous oral mucosa did not express Proxl (Fig. la) and FOXC2 
(Fig. lb), immunopositivity of Proxl was observed in lymphoen- 
dothelial cells (LECs) (Fig. Ic) and expression of FOXC2 was 
observed in LECs and vascular endothelial cells (VECs) (Fig. Id). 
Nuclear staining for these factors was observed in OSCCs, and 
25.8% (42/163) and 23.3% (38/163) of OSCCs were positive for 
Proxl (Fig. le) and FOXC2 (Fig. If), respectively. The relationship 
between the expression of Proxl and FOXC2 and the clinico- 
pathological characteristics of the OSCC specimens are summa- 
rized in Table 1. Immuiioreactivity for Proxl was observed in 



62% (31/50) of the nodal metastasis-positive cases, whereas 9.7% 
(11/113) of the cases without nodal metastasis expressed Proxl 
(P<0.0001). Proxl expression was also associated with local 
progression of the tumor (T classification) (P = 0.0023), clinical 
stage (P<0.0001), and lymphatic vessel density (LVD) (Fig. Ig) 
(P<0.0001). No significant relationship was observed between the 
expression levels of Proxl and age, sex, site, histological 
differentiation, or microvessel density (MVD). The expression of 
FOXC2 was associated with MVD alone (Fig. Ih) (P<0.0001). 
Elevated expression of Proxl was observed to be correlated with 
the overexpression of FOXC2 in OSCCs (P<0.0001). 

We then assessed the expression of Proxl and FOXC2 mRNA 
in 5 samples of non-tumor oral mucosa, 1 0 samples of metastasis- 
negative OSCCs, and 5 samples of metastasis-positive OSCCs 
(Fig. 2). The expression of Proxl (P<0.01) and FOXC2 (P<0.01) 
were higher in OSCCs than in the normal oral mucosa. Although 
Proxl was upregulated in nodal metastasis-positive OSCCs unlike 
that in the metastasis-negative OSCCs (P<0.01), the expression 
levels of FOXC2 were not significantly different between the 2 
OSCC groups. 

Relation between Proxl and F0XC2 Expression and 
Prognosis of OSCCs 

Local and nodal recurrence occurred in 38 of the 163 patients 
whose tumor specimens were evaluated in this study. An analysis 
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Figure 4. In f/fz-o analysis of Proxl and FOXC2 using human OSCC cells, a, Expression of Proxl and F0XC2 in 6 OSCC cells measured using 
realtime RT-PCR. Highly metastatic KON cells showed higher expression of both genes. Expression levels of GAPDH was used for internal control, b-d, 
Effects of Proxl or F0XC2 siRNA treatment in KON cells on cell growth (b), invasive ability (c),and mRNA expression levels of Proxl, F0XC2, VEGF-A, 
VEGF-C, VEGF-D (d). Growth and invasive ability were examined by the MTT assay and an in vitro invasion assay. Expression levels of Proxl and VEGF- 
C were decreased by Proxl siRNA treatment and decreases in F0XC2, Proxl, and VEGF-A expression were observed in F0XC2 siRNA treated KON cells 
(d). 

doi:1 0.1 371 /journal.pone.0092534.g004 



of disease-free survival showed that Prox 1 -positive patients had 
significantly reduced disease-free survival compared to the Proxl- 
negative patients (P<0.0001) (Fig. 3a). The patients with FOXC2- 
positive tumors also had significandy worse prognosis than those 
with FOXC2-negative tumors (P = 0.0076) (Fig. 3b). Univariate 
analysis performed using the log-rank test indicated that clinical 
stage (P = 0.0055), nodal metastasis (P = 0.0002), Proxl expression 
(P<0.0001), and FOXC2 expression (P = 0.0018) were associated 
with poor outcome in OSCCs. Multivariate analysis performed 
using the Cox proportional hazards model showed that only Proxl 
expression (P = 0.0039) was a prognostic factor for disease-free 
survival (Table 2). 

In vitro Analysis of Proxl and F0XC2 in OSCC Cells 

We evaluated Proxl and FOXC2 expression in cultured OSCC 
cells. Expression levels of Proxl and FOXC2 in KON cells were 
higher than that in the other OSCC cell lines (Fig. 4a). To 
examine the effects of Proxl and FOXC2 in OSCC, we further 
performed an in vitro analysis using KON cells. Cell growth and 
invasion potential of the KON cells treated with Prox 1 siRNA was 
inhibited compared to that of the cells treated with the negative 
control siRNA. Knockdown of FOXC2 with siRNA did not affect 
the ability of KON cells to grow and invade (Fig. 4b, c). 

Next, we verified the effects of Proxl and FOXC2 on the 
expression of the genes encoding for the VEGF family in KON 
cells, because both factors were associated with MVD or LVD 
(Fig. 4d). Reduction of VEGF-C was observed following the 



knockdown of Proxl, whereas VEGF-A expression was attenuated 
upon treatment with FOXC2-specific siRNA in the KON cells. 
Furthermore, downregulation of Proxl was observed in FOXC2 
siRNA-treated KON cells. However, reduction of FOXC2 was 
not observed in KON cells treated with Proxl -specific siRNA. 
These results suggest that Proxl was involved in regulating the 
expression of VEGF-C and that FOXC2 expression accelerated 
not only the activation of VEGF-A but also of the Proxl in OSCC 
cells. 

Finally, we confirmed the influence of Proxl and FOXC2 on 
angiogenesis and lymphangiogenesis in OSCC cells. The prolif- 
eration of HUVECs and HDLMVECs were significantly en- 
hanced by the addition of culture supernatant derived from 
negative control siRNA-treated KON cell cultures, suggesting that 
the KON cells secreted cell growth-promoting factors. However, 
treatment of HUVECs or HDLMVECs with the culture 
supernatant from FOXC2- or Proxl-specific siRNA-treated 
KON cell cultures, respectively, resulted in the inhibition of cell 
growth (Fig. 5a). The migration of HUVECs and HDLMVECs 
was potentiated by co-culture with negative control siRNA-treated 
KON cells. However, co-culture with FOXC2- or Proxl-specific 
siRNA-treated KON cells significantly suppressed the migration of 
HUVECs or HDLMVECs, respectively, unlike hat observed in 
the cells that received the control treatment (Fig. 5b). These data 
pinpoint the roles of Proxl and FOXC2, as regulators of 
lyinphangiogenesis and angiogenesis in OSCC, respectively. In 
addition, we obtained similar results in other OSCC cells (data not 
shown). 
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Figure 5. Cell growth and migration of endothelial cells affected by OSCC cells, a, Cell growth of endothelial cells treated with conditioned 
medium from OSCC cells. The growth of HUVECs and HDLMVECs were significantly enhanced by the addition of negative siRNA treated KON cell 
culture supernatant. Further, HUVECs or HDLMVECs proliferation was inhibited when added to F0XC2 or Proxl siRNA treated KON cell culture 
supernatant, respectively, b. Migration of endothelial cells co-cultured with OSCC cells. The migration of HUVECs and HDLMVECs were enhanced by 
co-culture with negative siRNA treated KON cells. Moreover, co-cultivation with F0XC2 or Proxl siRNA treated KON cells suppressed HUVECs or 
HDLMVECs migration, respectively. 
doi:1 0.1 371 /journal.pone.0092534.g005 



Discussion 

In the present study, we found that the mRNA expression levels 
of Proxl or FOXC2 in OSCCs were higher than that in the 
normal oral mucosa. By immunohistochemistical analysis, Proxl 
was shown to be closely associated with tumor progression (T 
factor and clinical stage), nodal metastasis, and LVD, and FOXC2 
expression was shown to be significantly correlated with MVD in 
OSCCs. The patients with Proxl- or FOXC2-positive OSCCs 
had shorter disease-free days, and Proxl expression was an 
independent poor prognostic factor in OSCC. We also found that 
Proxl accelerates migration, invasion, VEGF-C expression, and 
lymphovascular endothelial cell proliferation and migration in 
OSCC cells. Furthermore, FOXC2 was shown to regulate the 
expression of VEGF-A and Proxl as well as the growth and 
migration of vascular endothelial cells. We also confirmed that 
Proxl and FOXC2 induced tube formation in the endothelial cells 
(data not shown). We speculate that the interactions of Proxl and 
VEGF-C are the cause of reduce growth and migration ability of 
HUVECs by Proxl knockdown treatment (Fig. 4d, Fig. 5). Indeed, 
it has been defined tumor cells-secreted VEGF-C knockdown 
inhibits HUVECs proliferation and migration [38] and we also 
clarified VEGF-C is accelerates angiogenesis in OSCC [29]. We 
also infer that the reason for growth and migration potential of 
HDLMVECs reduce upon siRNA treatement of FOXC2 are 
FOXC2 regulates expression of Proxl (Fig. 4d, Fig. 5). 

Proxl is a nuclear transcription factor [22] and is activated in 
colon cancer [11,19], WHO grade II gliomas [10], and many 
vascular endothelial tumors [20,21]. Proxl has been reported to 



promote tumor progression by influencing cancer cell migration 
and invasion in colon cancer [19] and kaposiform hemangioen- 
dothelioma [20], and our results are consistent with these findings. 
Elsrr et al indicate that enhanced expression of Proxl in the 
context of activated Wnt/p-catenin signaling and loss of p53 
function may be associated with oncogenesis [22]. On the other 
hand, Proxl acts as a tumor suppressor in hematologic malignan- 
cies [12], esophageal cancer [13], hepatoma [14], pancreatic 
cancer [15,16], breast cancer [17], and carcinomas of the biliary 
system [18]. It has been revealed that expression of Angiopoietin 2 
(Ang2) is enhanced by Proxl in endothelial cells [39]. Further, 
Ang2 is one of the important regulators of angiogenesis and 
lymphangiogenesis and correlated with poor prognosis in OSCC 
[40]. Proxl may play a critical role in the Ang2 -induced 
lymphangiogenesis and angiogenesis of OSCC. Further functional 
and large scale clinicopathological examinations using various 
series of cancers are warranted in order to clarify the roles of Prox 1 
in cancers. 

FOXC2 is an oncogene in breast cancer [25], colon cancer 
[26], and esophageal cancer [27]. Although FOXC2 protein has a 
cytoplasmic localization in cancer cells [25-27], our immunohis- 
tochemistry results showed that FOXC2 is detectable in the nuclei 
of cancer cells. We also verified that FOXC2 protein cannot be 
detected by immunoblotting using a fraction containing extranu- 
clear proteins extracted from OSCC cells (data not shown). 
FOXC2 protein may be transported outside the nucleus in certain 
types of cancers, and further studies will be needed to delineate the 
localization of FOXC2 in various cancers. FOXC2 is also one of 



PLOS ONE I www.plosone.org 



8 



March 2014 | Volume 9 | Issue 3 | e92534 



Proxl and F0XC2 Expression in Oral Cancer 



the key players in the epithelial-to-mesenchymal transition (EMT) 
[28] and EMT inducers, such as TGF-P, stimulate FOXC2 
expression in cancer cells [24]. FOXC2 represses and activates E- 
cadherin and vimentin expression, respectively [24,28]. We also 
ascertained that FOXC2 regulates the expression of some EMT- 
related markers in OSCC cells (unpublished data); however, 
further studies are required to ascertain the relationship between 
FOXC2 and EMT in OSCC. 

Angiogenesis plays a critical role in prenatal development, 
wound healing, chronic inflammation, tumor progression, and 
metastasis, and lymphangiogenesis promotes growth and nodal 
metastasis in cancer cells [41]. Proxl is a regulator of 
lymphangiogenesis during prenatal development and inflamma- 
tion through the upregulation of VEGFR3 [22,32], and we also 
confirmed that Proxl promotes lymphangiogenesis by activating 
VEGF-C, the product of which is one of the ligands of VEGFR3, 
in OSCCs. However, a direct role for Proxl in angiogenesis has 
not been established yet. A previous report showed that Proxl 
transformed blood endothelial cells to lymphatic endothelial cells 
[42]. Proxl produced by cancer cells may also trigger lymphan- 
giogenesis from lymphatic and blood endothelial cells in OSCCs. 
FOXC2 is pivotal for the migration and tubular transformation of 
vascular endothelial cells and for tumor angiogenesis, functions 
that are elicited by the activation of VEGF-A signaling [24,26]. 
Although FOXC2 is also expressed in lymphatic endothelial cells, 
the contribution of FOXC2 to lymphangiogenesis in malignancies 
remains unknown [24,34]. We determined that FOXC2 induces 
tumor angiogenesis through VEGF-A, but that it is not invoK-ed in 
lymphangiogenesis in OSCCs, results that are somewhat in accord 

References 

1. Argiris A, Karamouzis MV, Rabcn D, Ferris RL (2008) Head and neck cancer. 
Lancet 371: lOO.'i-iyOO. 

2. Sasahira T, Kirita T, Oue N, Bhawal UK, Yamamoto K, et al. (2008) High 
mobility group box- 1 -inducible melanoma inhibitory activity is associated with 
nodal metastasis and lymphangiogenesis in oral squamous cell carcinoma. 
Cancer Sci 99: 1806-1812. 

3. Jemal A, Bray F, Center MM, Fcrlay J, Ward E, et al. (201 1) Global cancer 
statistics. CA Cancer J Clin 61: 69-90. 

4. Siegel R, Ward E, Brawley O, Jemal A (201 1) Cancer statistics, 2011: the impact 
of eliminating socioeconomic and racial disparities on premature cancer deaths. 
CA CancerJ Clin 61: 212-236. 

5. Sasahira T, Kirita T, Bhawal UK, Yamamoto K, Ohmori H, et al. (2007) 
Receptor for advanced glycation end products (RAGE) is important in the 
prediction of recurrence in human oral squamous cell carcinoma. Histopathol- 
ogy 51: 166-172. 

6. Dos Reis PP, Bharadwaj RR, Machado J, Macmillan C, Pintihe M, et al. (2008) 
Claudin 1 overexpression increases invasion and is associated with aggressive 
histological features in oral squamous cell carcinoma. Cancer 113: 3169-3180. 

7. Mydlarz WK, Hennessey PT, Califano JA (2010) Advances and Perspectives in 
the Molecular Diagnosis of Head and Neck Cancer. Expert Opin Med Diagn 4: 
5'',-65. 

8. .Marsh D, .Suehak K, Moutasmi KA, Vallath S, Hopper C, et al. (201 1) Stromal 
features are predictive of disease mortality in oral cancer patients. J Pathol 223: 
470-481. 

9. Betschinger J, Mechtler K, Knoblich JA (2006) Asymmetric segregation of the 
tumor suppressor brat regulates self-renewal in Drosophila neural stem cells. Cell 
124: 1241-1253. 

10. Elsir T, Qu M, Bemtsson SG, Orrego A, Olofsson T, et al. (201 1) PROXl is a 
predictor of survival for gliomas WHO grade II. Br J Cancer 104: 1747-1754. 

1 1. Skog M, Bono P, Lundin M, LundinJ, LouhimoJ, et al. (201 1) Expression and 
prognostic value of transcription factor PROXl in colorectal cancer. BrJ Cancer 

105: 1346-13,51. 

12. Nagai H, Li Y, Hatano S, Toshihifo (), Yuge .\1. el al. (2003) .Mutations and 
aberrant DNA methylation of the PROXl gene in hematologic malignancies. 
Genes, Chromosomes and Cancer 38: 13 -21. 

13. Yoshimoto T, Takahashi M, Nagayama S, Watanabe G, Shimada Y, ct al. 
(2007) RNA mutations of proxl detected in human esophageal cancer cells by 
the shifted termination assay. Biochem Biophys Res Commun 359: 258-262. 

14. Shimoda M, Takahashi M, Yoshimoto T, Kono T, Ikai I, et al. (2006) A 
homeobox protein, proxl, is involved in the differentiation, proliferation, and 
prognosis in hepatocellular carcinoma. Clin Cancer Res 12: 6005-601 1. 



with past reports. It is generally accepted that angiogenesis and/ or 
lymphangiogenesis promote tumor progression in malignancies 
[41], and we previously reported that VEGF family-mediated 
angiogenesis and/ or lymphangiogenesis are associated with tumor 
progression, nodal metastasis, and worse prognosis in OSCCs 
[2,29]. On the other hand, it has been suggested that angiogenesis 
and lymphangiogenesis do not necessarily promote tumor 
progression. Previously reports have been indicated that VEGF- 
A is not associated with angiogenesis and that VEGF-C /D are not 
associated with nodal metastasis in cancer [43-46]. It has also 
been reported that MVD and LVD have no effect on tumor 
progression [47,48]. Therefore, the role of angiogenesis and 
lymphangiogenesis in tumor progression remains controversial. In 
vivo studies will be helpful in the future to further clarify the role of 
tumor angiogenesis and lymphangiogenesis in malignancies. 

In conclusion, the present study demonstrates that Proxl and 
FOXC2 act as oncogenes by inducing lymphangiogenesis and 
angiogenesis in OSCC, respectively. Moreover, we found that 
FOXC2 is involved in the regulation of Proxl expression. Further 
investigation of Proxl and FOXC2 expression and function may 
offer additional insights for the diagnosis and treatment of human 
OSCCs. 

Author Contributions 

Conceived and designed the experiments: TS HK. Performed the 
experiments: TS NU MK SM UKB. Analyzed the data: TS KY. 
Contributed reagents/materials/analysis tools: KY TK HK. Wrote the 
paper: TS HK. 



15. Schneider M, Buehlcr P, CJiese N, CJicse T, Wilting J, et al. (2006) Role of 
lymphangiogenesis and lymphangiogcnic factors during pancreatic cancer 
progression and lymphatic spread. Int J Oncol 28: 883—890. 

16. Takahashi M, Yoshimoto T, Shimoda M, Kono T, Koizumi M, et al. (2006) 
Loss of function of the candidate tumor suppressor proxl by RNA mutation in 
human cancer cells. Neoplasia 8: 1003—1010. 

17. Versmold B, Felsberg J, Mikeska T, Ehrentraut D, Kohler J, et al. (2007) 
Epigenetic silencing of the candidate tumor suppressor gene PROXl in sporadic 
breast cancer. Int J Cancer 121: 547-554. 

18. Laerm A, Helmbold P, Goldberg M, Dammann R, Holzhausen HJ, et al. (2007) 
Prospero-related homeobox 1 (PROXl) is frequently !naeti\'ated bv genomic 
deletions and epigenetic silencing in carcinomas of the bilary system. J Hepatol 
46: 89-97. 

19. Petrova TV, Nykanen A, Norrmen C, Ivanov KI, Andersson LC, et al. (2008) 
Transcription factor PROXl induces colon cancer progression by promoting 
the transition from benign to highly dysplastic phenotype. Cancer Cell 13: 407- 
419. 

20. Dadras SS, Skrzypek A, Nguyen L, Shin JW, Schulz MM, et al. (2008) Prox-1 
promotes invasion of kaposiform hemangioendotheliomas. J Invest Dermatol 
128: 2798-2806. 

21. Miettinen M, Wang (2012) Proxl transcription factor as a marker for 
vascular tumors-evaluation of 314 vascular endothelial and 1086 nonvascular 
tumors. Am J Surg Pathol 36: 351-359. 

22. Elsir T, Smits A, Lindstrom MS, Nisfer M (2012) Transcription factor PROXl: 
its role in development and cancer. Cancer Metastasis Rev 31: 793-805. 

23. Kume T (2010) Specification of arterial, venous, and lymphatic endothelial cells 
during embryonic development. Histol Histopathol 25: 637-646. 

24. Kume T (2012) The Role of FoxC2 Transcription Factor in Tumor 
Angiogenesis. J Oncol 2012: 204593. 

25. Mani SA, YangJ, Brooks M, Schwaninger G, Zhou A, et al. (2007) Mesenchyme 
Forkhead 1 (FOXC2) plays a key role in metastasis and is associated with 
aggressive basal-like breast cancers. Proc Natl .Acad Sei USA 104: 10069— 
10074. 

26. Sano H, LeboeufJP, Novitskiy SV, Seo S, Zaja-Milatovic S, et al. (2010) The 
Ioxc2 transcription factor regulates tumor angiogenesis. Biochem Biophys Res 
Commun 392: 201-206. 

27. Nishida N, Mimori K, Yokobori T, Sudo T, Tanaka F, et al. (201 1) FOXC2 is a 
novel prognostic factor in human esophageal squamous cell carcinoma. Ann 
Surg Oncol 18: 535-542. 

28. Hader C, Marlier A, Candey L (2010) Mesenchymal-epithelial tiansition in 
epithelial response to injury: the role of Foxc2. Oncogene 29: 1031-1040. 



PLCS ONE I www.plosone.org 



9 



March 2014 | Volume 9 | Issue 3 | e92534 



Proxl and F0XC2 Expression in Oral Cancer 



29. Sasahira T, Kirita T, Kurihara M, Yamamoto K, BhawaJ UK, ct al. (2010) 
MIA-dependent angiogenesis and lymphangiogenesis are closely associated with 
progression, nodal metastasis and poor prognosis in tongue squamous cell 
carcinoma. Eur J Cancer 46: 2285-2294. 

30. Kopfstein L, Veikkola T, Djonov VG, Baeriswyl V, Schomber T, et al. (2007) 
Distinct roles of vascular endothelial growth factor-D in lymphangiogenesis and 
metastasis. Am J Pathol 170: 1348-1361. 

31. Lohela M, Bry M, Tammcla T, Alitalo K (2009) VEOFs and receptors involved 
in angiogenesis versus lymphangiogenesis. Curr Opin Cell Biol 21: 154-165. 

32. Hi-ster AIJ, Wilbrr A, Hall KL, Iwata C, Miyazono K, et al. (2010) Inflammation 
induces lymphangiogenesis through up-regulation of VE(iFR-3 mediated by 
NF-kappaB and Proxl. Blood 115: 418-429. 

33. Srinivasan RS, Geng X, Yang Y, Wang Y, Mukatira S, et al. (2010) The nuclear 
hormone receptor Coup-TFII is required for the initiation and early 
maintenance of Proxl expression in lymphatic endothelial cells. G«nes Dev 
24: 696-707. 

34. Wu X, Liu NE (2011) FOXC2 transcription factor: a novel regulator of 
lymphangiogenesis. Lymphologv 44: 35-41. 

35. Sabine A. A«alaro\ Y, Maby-El Hajjami HJaquct M, Hagorling R, et al. (2012) 
Mcchanotransduction, PROXl, and EOXC2 cooperate to control conncxin37 
and calcineurin during lymphatic-valve formation. Developmental Cell 22: 430- 
445. 

36. Allred DC, Harvey JM, Berardo M, Clark GM (1998) Prognostic and predictive 
factors in breast cancer by immunohistochemical analysis. Mod Pathol 11: 155— 
168. 

37. Matsuo Y, Sawai H, MaJ, Xu D, Ochi N, ct al. (2009) IL-lalpha secreted by 
colon cancer cells enhances angiogenesis: the relationship between IL-lalpha 
release and tumor cells' potential for liver metastasis. J Surg Oncol 99: 361—367. 

38. Lahat G, Lazar A, Wang X, Wang WL, Zhu QS, et al. (2009) Increased vascular 
endothehal growth factor-C expression is insufficient to induce lymphatic 
metastasis in human soft-tissue sarcomas. Clin Cancer Res 15: 2637-2646. 

39. Harada K, Yamazaki T, Iwata C, Yoshimatsu Y, Sase H, et al. (2009) 
Identification of targets of Proxl during in vitro vascular differentiation from 



embryonic stem cells: functional roles of HoxD8 in lymphangiogenesis. J Cell Sci 
122: 3923-3930. 

40. Li C, Fan J, Song X, Zhang B, Chen Y, et al. (2013) Expression of angiopoietin- 
2 and vascular endothehal growth factor receptor-3 correlates with lymphan- 
giogenesis and Euigiogenesis and affects survivEd of oral squamous cell carcinoma. 
PLoS ONE 8: e75388. 

41. Adams RH, Alitedo K (2007) Molecular regulation of angiogenesis and 
lymphangiogenesis. Nat Rev Mol Cell Biol 8: 464^78. 

42. Petrova TV, Makinen T, Makela TP, Saarela J, Virtanen I, et al. (2002) 
Lymphatic endothelial reprogramming of vascular endothelial cells by the Prox- 
1 homeobox transcription factor. EMBOJ 21: 4593-4599. 

43. Currie MJ, Hanrahan V, (Cunningham SP, Morrin HR, I'Vampton C, et al. 
(2004) Expression of vascular endothelial growth factor D is associated with 
h^'jioxia inducible factor (HIF-lalpha) and the HIE-lalpha target gene DECl, 
but not lymph node metastasis in primary human breast carcinomas. J Clinical 
Pathol 57: 829-834. 

44. Nomiya T, Nemoto K, Nakata E, Tjikai Y, Yamada S (2006) Expression of 
thymidine phosphorylase and VEGF in esophageal squamous cell carcinoma. 
Oncol Rep 15: 1497-1501. 

45. Miyahara M, TanumaJ, Sugihara K, Semba I (2007) Tumor lymphangiogenesis 
correlates with lymph node metastasis and clinicopathologic parameters in oral 
squamous cell carcinoma. Cancer 110: 1287—1294. 

46. Donnem T, .-M-Saad S, Al-Shibli K, Dclghandi MP, Persson M, et al. (2007) 
Inverse prognostic impact of angiogenic marker expression in tumor cells versus 
stromal cells in non small cell lung cancer. Clin Cancer Res 13: 6649-6657. 

47. Birner P, Obermair A, Schindl M, Kowalski H, Breitencckcr G, et al. (2001) 
Selective immunohistochemical staining of blood and lymphatic vessels reveals 
independent prognostic influence of blood and lymphatic vessel invasion in 
early-stage cervical cancer. Clin Cancer Res 7: 93-97. 

48. Franchi A, GaUo O, Massi D, Baroni G, Santucci M (2004) Tumor 
lymphangiogenesis in head and neck squamous cell carcinoma: a morphometric 
study with clinical correlations. Cancer 101: 973—978. 



PLOS ONE I www.plosone.org 



10 



March 2014 | Volume 9 | Issue 3 | e92534 



